Objective: Recent observational studies have established progression and recurrence rates of pituitary adenomas. However, it is still unknown how individual pituitary adenomas grow over years and whether growth kinetics follow a distinct growth model. The objective of this study was to define a growth model for non-functioning pituitary adenomas. Methods: Fifteen patients who had five or more serial high-quality examinations with magnetic resonance images or computerized tomography scans were identified among 216 patients with nonfunctioning pituitary adenomas. Tumour volumes were assessed using a stereological method based on the Cavalieri principle. Tumour growth during the observation period was analysed and different growth models were fitted to the data. Results: Fifteen pituitary adenomas (12 recurrent tumours and 3 newly diagnosed tumours) were longitudinally observed during a median observation period of 7.4 years (range: 2.3-11.9 years). Growth kinetics could be described either by an exponential growth model (nine patients) or by a logistic model (five patients) with initial exponential growth followed by deceleration of growth. One tumour remained unchanged in size during the observation period. None of the adenomas showed accelerated growth during the observation period. Overall, the linear growth model was not suitable to describe the growth kinetics of non-functioning pituitary adenomas. Conclusions: Our study shows that growth of pituitary adenomas can be described by distinct growth models. Knowledge of growth dynamics has implications for clinical practice and helps to adjust scanning protocols for follow-up investigations.
Introduction
The behaviour of most tumour entities is reflected by the respective histopathological features. It has been claimed that the pathological diagnosis vouches for the consistency of the growth behaviour of recognized tumour types (1) . In benign lesions, however, histopathological features are often not useful for predicting growth velocity. Pituitary adenomas may remain quiescent over extended periods of time or grow rapidly despite their benign histological nature (2) . Even modern histopathological and immunohistochemical classifications of pituitary adenomas cannot overcome this dilemma. Only a small subset of adenomas shows features of atypia or malignancy indicating increased growth potential. Despite an increasing number of observational studies of incidentally discovered asymptomatic pituitary adenomas (3) (4) (5) or post-operative residual tumours (6, 7) , a substantial uncertainty exists concerning the natural history of pituitary adenomas (6) . An increase of tumour size or quiescence between two neuroradiological studies at different points of time does not necessarily predict the future growth behaviour of a pituitary adenoma. To overcome the uncertainty regarding the growth kinetics of non-functioning pituitary adenomas, we have analysed whether growth follows a distinct growth model. We have performed a longitudinal volumetric study and have fitted different growth models to the data. Definition of adenoma growth kinetics would substantially enhance knowledge of biological behaviour, allow prediction of growth and help to determine treatment algorithms.
Neurosurgery in Freiburg and Tuebingen. Special attention was prospectively given to cases with several imaging studies during an observation period prior to surgery. All patients were interviewed to determine whether imaging studies had been performed at different points of time.
In 54 patients, two or more imaging studies were available. In 18 of these patients, the tumours were documented before surgery by five or more neuroimaging studies with magnetic resonance (MR) images or computerized tomography (CT) scans obtained at different points of time during an observation period. At least five consecutive data points without intervening therapy were regarded as prerequisite to appropriate analysis of the growth model.
Two cases were excluded because of insufficient resolution and quality of the imaging studies and one case because of a slice thickness exceeding 4 mm. The remaining 15 cases were included in the present study. Of these 15 patients, 12 were observed with a residual tumour following initial operation(s) and finally presented for re-operation due to tumour progression and/or appearance of new symptoms. It was the decision of the referring centres to withhold therapy during the observation period. At the time of presentation to us, the recurrent adenomas were surgically accessible and the patients were re-operated on. None of the patients had undergone a course of radiotherapy.
The other three patients newly presented for surgical treatment after an adenoma had been observed during a certain period of time. All patients underwent endocrinological evaluation and had no clinical or biochemical signs of hormonal hypersecretion. The histopathological diagnosis was null-cell adenoma in 13 cases (Table 1) . One patient harboured a silent corticotroph adenoma (case 13). One tumour was classified as silent gonadotroph adenoma (case 15).
Volumetric measurement
All available MR images and CT scans during the observation period were retrieved for each patient. All contiguous and parallel slices through the entire tumour were scanned (ScanJet 6100/T; Hewlett-Packard, Palo Alto, CA, USA) into a personal computer at 150 or 200 dpi resolution. For the MR images, coronal sections were used for calculation of tumour volumes. For the CT scans, only the original axial sections and no reconstructions were used for volumetric measurements. The CT and the magnetic resonance imaging (MRI) sections were not thicker than 4 mm.
In nine patients, the course of the disease was documented by MR images only; in four patients, tumour growth was documented by CT scans only; and in two patients, both methods were used.
Tumour volumes were calculated using a stereological method according to the Cavalieri principle (8) . Using this method, the three-dimensional tumour volume was calculated from two-dimensional images. The tumour contour was outlined on each section (Fig. 1 ) and the respective two-dimensional area was calculated using an image-processing software program available in the public domain (ImageJ; National Institutes of Health, Bethesda, MD, USA). The tumour area (square centimetres) on each section was then multiplied by the thickness of the section including the intervening gaps. The resulting volumes (cubic centimetres) from all contiguous sections were added and yielded the total tumour volume. The tumour contours were outlined by an experienced neuroradiologist (U E) and an experienced pituitary surgeon (J H) in joint sittings. Agreement on the tumour outlines was achieved in every case.
Statistical analysis
We assessed which mathematical model for tumour growth kinetics best describes the growth curves of nonfunctioning pituitary adenomas. All volumes are measured in cm 3 and all times are measured in years. Using the statistical software package JMP 6.0.3 (SAS Institute Inc., Carry, NC, USA), we fitted the following three established models for each patient.
Logistic The logistic model predicts initially exponential growth according to rate r, starting with volume V 0 at time tZ0, followed by an approximately linear growth phase and finally an approach to a constant plateau V 1 .
The equation for the logistic model is: The parameters were estimated for each patient by a nonlinear least squares method after taking logarithms of the observed volumes and the models. The individual estimates together with their 95% profile confidence intervals are given in Table 2 (9) . The goodness of fit was assessed by calculating the coefficient of determination, i.e. the proportion of the total variance (Var) explained by the model: r 2 Z1K(Var(residuals)/ Var(observations)).
The TVDT in years was calculated with the following formula: TVDTZ ln 2=r.
The logarithm of the TVDT was described by a multiple linear regression model as a function of initial age of the patients and the logarithm of the estimated initial tumour volume.
The Bartlett test was used for comparison of the measurement errors of CT and MRI volumetry. The measurement error was the percentage difference 
Results
Fifteen patients with non-functioning pituitary adenomas were conservatively followed during a median observation period of 7.4 years (range: 2.3-11.9 years). The median age at the end of the observation period was 60 years (range: 32-77 years). Four patients were female and 11 were male ( Table 1 ). The adenomas were followed by MR images or CT scans at five to nine different points of time (mean: 6.6 times) during the observation period (Table 1 ). The measured median initial tumour volume at the beginning of the observation period was 1.6 cm 3 (range: 0.7-5.3 cm 3 ). The median volume at the end of the observation period was 5.6 cm 3 (range: 1.5-20.9 cm 3 ). In preoperated cases, the mean initial and final tumour volumes were 2.4 and 7.8 cm 3 respectively. Figure 2 shows an example of a longitudinal MR imaging study documenting tumour growth (case 7; Table 1 ).
An exponential growth curve was observed in nine cases. Figure 3 shows an example of an exponential growth curve in a 33-year-old man who presented with a recurrent non-functioning pituitary adenoma following two prior transsphenoidal operations at another centre (Table 1 ; case 10). The recurrent adenoma had been observed in five consecutive MR imaging studies over a period of 2.3 years. Figure 3A shows the growth curve on a linear scale. The straight line on a semilogarithmic plot of tumour volume versus time (Fig. 3B) is consistent with the exponential adenoma growth and a constant TVDT. The patient harboured a rapidly growing adenoma with a TVDT of 12 months. Subsequently, the patient underwent a third transsphenoidal operation. Histological examination revealed a null-cell adenoma. Figure 4 demonstrates a further exemplary case with exponential adenoma growth in a 67-year-old patient (Table 1 ; case 12). Following a transcranial operation for a non-functioning pituitary adenoma 9 years ago, the patient had an intrasellar and left parasellar residual tumour. The patient now presented with eight serial MR imaging studies documenting tumour progression during an observation period of 7.3 years. Figure 4A demonstrates the growth curve of the residual adenoma on a linear scale. Tumour progression is consistent with exponential growth, as shown by a straight line on the semilogarithmic scale (Fig. 4B) .
A logistic growth curve was found in five patients. In one case, tumour volume was constant throughout the observation period (Table 1; case 14) .
High r 2 values were found for the exponential model (mean r 2 Z0.93) in the nine cases growing according to an exponential model. If the cases were described by the linear model, a lower r 2 of 0.88 was found. The difference was statistically significant (PZ0.015). In four cases with a low growth rate, however, the difference between the fitted exponential and the linear growth curves was small.
For the five cases that were best described by a logistic model, the mean r 2 value was 0.96. In all the five cases, the r 2 value was higher for the logistic model than the linear model, but the difference was not statistically significant.
Overall, the linear growth model was not suitable to describe the growth of the pituitary adenomas. The growth of pituitary adenomas was best described by the exponential model in nine cases and by the logistic model in five cases. Accelerated growth velocity was not observed during the observation period in any of the cases. 
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The TVDTs were calculated for the 14 growing cases ( Table 2 ). In cases with a logistic growth pattern, TVDT was calculated for the initial exponential growth phase. The median TVDT was 3.1 years (range: 0.8-27.2 years).
A positive correlation of rZ0.44 was found between the initial age of the patients and the logarithm of the TVDT (PZ0.12). Similarly, tumours with greater initial volume had a tendency towards a longer TVDT (rZ0.36; PZ0.20). When TVDT was described as a function of both a patients initial age and initial tumour volumes, the association with age was more pronounced (PZ0.07).
The measurement errors of CT volumetry were 2.5-fold greater than those of MRI volumetry. The difference in S.D. was highly significant (P!0.0001).
Discussion
We present the first longitudinal volumetric study providing statistical evidence that non-functioning pituitary adenomas initially show an exponential growth pattern that may be followed by a deceleration of growth velocity.
Different approaches have previously been used to elucidate the prevalence and natural history of pituitary adenomas. Ezzat et al. (10) conducted a meta-analysis of all existing English language studies and found an overall prevalence of pituitary adenomas that was as high as 14.4% in selected relevant autopsy studies and 22.5% in radiological studies. The study provides knowledge on the high frequency of undiagnosed or Figure 2 The magnetic resonance images demonstrate regrowth of a non-functioning pituitary adenoma during the observation period on coronal mid-tumour sections (case 7; Table 1 ).
Growth modelling of pituitary adenomas
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www.eje-online.org incidentally discovered pituitary adenomas (so-called incidentalomas). Daly et al. (11) performed a crosssectional study in the province of Liège (Belgium) and found 94 cases per 100 000 population with clinically relevant pituitary adenomas. Non-functioning pituitary adenomas comprised 14.7% of these cases.
Several observational studies have emerged providing knowledge about the rate of incidentalomas that grow during the follow-up period. However, heterogeneous criteria were used for defining tumour growth. Reincke et al. (4) described tumour growth in 3 of 14 incidentalomas at a mean follow-up of only 22 months. The majority of the tumours were in the macroadenoma stage at the time of initial detection. Dekkers et al. (12) evaluated the natural history of 28 non-functioning pituitary macroadenomas with a mean follow-up period of 85 months. Radiological growth was observed in 14 cases (50%). In a Japanese survey (13), 20% of non-operated suspected non-functioning adenomas developed an enlargement during a mean follow-up Figure 3 Longitudinal volumetric study of tumour regrowth in a 33-year-old patient following two prior operations (case 10; Table 1 ). Regrowth is shown on both (A) a linear plot and (B) a semilogarithmic plot of tumour volume versus time. The adenoma shows a strictly exponential growth pattern. Figure 4 Longitudinal volumetric study of a regrowing residual adenoma in a 67-year-old man (case 12; Table 1 ). Regrowth is shown on both (A) a linear plot and (B) a semilogarithmic plot of tumour volume versus time. The straight line of progression on the semilogarithmic scale is consistent with the exponential adenoma growth.
period of 50.7 months. Donovan & Corenblum (5) found an increase in 4 of 16 pituitary incidentalomas with an initial size exceeding 10 mm but no increase in 15 incidentalomas smaller than 10 mm in size during a follow-up period of 6.1 and 6.7 years respectively. One can conclude that only a minority of pituitary adenomas exhibit considerable growth and become clinically relevant, while the majority remain stable or show extremely slow growth velocity. Tumour enlargement is more likely in macroadenomas than in microadenomas.
Other publications focus on the regrowth rate of residual non-functioning adenomas following surgical therapy (6, 7). Turner et al. Mathematical modelling has been used to describe tumour growth dynamics in other tumour entities. The best-fitting mathematical model has been analysed for different experimental in vitro and in vivo settings (14) (15) (16) (17) . In various experimental tumour paradigms, growth follows a sigmoid curve with three distinct phases: the initial exponential phase, the linear phase and the plateau due to final slowing of growth (16, 18) . Such complex growth models with different growth phases are assumed if tumour growth is observed over a wide range of sizes from genesis to final extension (16) . The logistic mathematical model is suitable to describe initial exponential growth, followed by an approximately linear growth phase and finally a constant plateau.
Final deceleration of growth has been related to impaired blood supply and central necrosis with active growth restricted to the periphery of the tumour. It is expected in rapidly growing and malignant tumours (14) . If the entire tissue volume of a solid tumour was growing and the growth rate constant, it would result in exponential tumour growth (1, 14) . In exponentially growing tumours, growth velocity can be described by the TVDT (1).
First efforts to describe human tumour growth were based on the conventional X-ray studies (1, 19) . The advent of CT and later MR imaging was a precondition for the volumetric assessment of tumour growth in clinical settings (20, 21) .
Based on imaging studies, some groups have assessed TVDTs in meningiomas (20, 22) . They argued that volumetry and assessment of TVDT is especially suitable for meningiomas because meningiomas are well demarcated and homogeneous on contrastenhanced scans. Similarly, pituitary adenomas are generally homogeneous and solid, and tumour necrosis or cystic tumours are less common. Given the solid nature of pituitary adenomas, stable biological behaviour would result in exponential tumour growth and a constant TVDT.
So far, the TVDT of pituitary adenomas has only been assessed by a couple of groups. Ekramullah et al. (23) found that the doubling times of pituitary adenomas ranged from 200 to 2550 days. They calculated TVDT by comparing the initial and final tumour sizes. Tanaka et al. (24) followed post-operative residual tumours with serial MR images and found growth in 38 of 40 residual tumours. TVDT ranged from 506 to 5378 days (mean: 1836 days). These studies using TVDT in pituitary adenomas are based on the assumption of exponential growth kinetics. The TVDT in the exponential growth phase of our growing adenomas ranged from 0.8 to 27.2 years. In cases with logistic growth, TVDT will become longer during the further course of observation.
Our volumetric study provides direct statistical evidence that non-functioning pituitary adenomas show an exponential growth pattern. Our initial impression that pituitary adenomas exhibit linear growth (25) was not confirmed when sophisticated statistical methods were applied. The tumour volumes in our study were between 0.7 and 20.9 cm 3 . This range might be representative for adenomas that are conservatively followed over a certain period of time. Of course, from our results, we cannot predict whether and when the adenomas might ultimately follow a logistic growth pattern with more advanced disease. Five of the 15 cases with initial exponential growth showed decelerated growth during the observation period consistent with a logistic growth pattern.
Our cases were collected from a neurosurgical series of non-functioning adenomas. Of the 15 patients, 12 had surgery with partial tumour removal prior to the observation period. Hence, one has to take into consideration that growth patterns might differ in series of non-operated patients.
The finding in our study that non-functioning pituitary adenomas grow with a stable TVDT has important clinical implications. It has previously been claimed that the optimal scanning protocol in nonfunctioning adenomas is unknown (6) . Knowledge of tumour growth pattern overcomes this uncertainty. Once the growth velocity of newly diagnosed adenomas or post-surgical residual adenomas has been established, further growth velocity can be predicted. In incidentally discovered and asymptomatic non-functioning pituitary adenomas without compression of the optic pathways, we recommend control imaging after 1 year. If tumour size remains unchanged, we suggest that further control imaging will suffice at intervals of 3 or more years. Patients can be reassured that a quiescent or slowly growing adenoma is not expected to develop a more aggressive biological behaviour during the time course or to recur quickly.
In conclusion, we have shown that growth of nonfunctioning pituitary adenomas is best described with an exponential growth model. Understanding of biological behaviour is important to optimize patient management, develop treatment algorithms and establish follow-up protocols. Knowledge of the growth kinetics of pituitary adenomas helps to reduce health care expenses for follow-up examinations.
